Introduction
Recent structures of large RNAs, such as the P4-P6 domain of the Tetrahymena ribozyme, [1] [2] [3] [4] [5] and larger RNAs such as rRNAs, [6] [7] [8] [9] [10] [11] [12] [13] [14] combined with a general increase over time in the sophistication of diffraction experiments, show cations in diverse and sometimes unexpected environments. The interactions of nucleic acids with cations follow basic principles of coordination chemistry. The effects of cations on RNA stability and conformation demonstrate the endurance of these relatively simple principles.
One focus of this chapter is the coordination of Na 1 , K 1 , Ca 21 and Mg 21 by phosphates and nucleic acids. We describe coordination chemistry, electrostatic forces/energetics, conformational effects and ion-selective binding. We explain the origins of the specific requirement for Mg 21 in RNA folding and the tight coupling between Mg 21 binding and RNA conformation. We deconstruct the two binding-mode formalism. We describe crystallographic methods for determining cation positions. We propose a model of RNA folding that is consistent with Mg 21 coordination properties of RNA. Previous reviews are available on roles of metals in biology, [15] [16] [17] in polyelectrolyte theory [18] [19] [20] [21] [22] (see Chapter 9), in DNA structure [22] [23] [24] [25] [26] [27] [28] (see Chapter 3), in RNA folding [29] [30] [31] [32] (see Chapters 6 and 7) and in RNA catalysis [33] [34] [35] [36] (see Chapter 8).
Modern Treasure Troves of Structural Information: Large RNAs
Very large RNA assemblies are now available at high resolution. The largest and most accurate structures are used here in conjunction with smaller structures, down to the level of mononucleotides, to illustrate patterns of interaction of nucleic acids with cations. 23S-rRNA HM refers to the 23S rRNA from the archaeon H. marismortui 7, 37 (2.4 Å resolution, PDB entry 1JJ2), a halophile from the Dead Sea. 23S-rRNA TT refers to the 23S rRNA from the eubacterium T. thermophilus 13 (2.8 Å resolution, PDB entry 2J01), isolated from a thermal vent. The fractional sequence identity of the 23S rRNAs from HM and TT is around 60%. RNA P4-P6 refers the 160 nucleotide domain of the self-splicing Tetrahymena thermophila intron (2.3 Å resolution, PDB entry 1HR2, this DC209 mutant 5 gives the best available resolution).
Nucleic Acid Folding 1.2.1 Cations
During protein folding, water molecules in contact with hydrophobic surfaces are released to bulk solvent. During nucleic acid folding, cations are sequestered from bulk solvent and held in close proximity to the polymer. Protein side-chains are multifarious, with a variety of shapes and chemical properties. The nucleic acid backbone is intricate, with many accessible rotameric states, 38 and carries charge. Functional nucleic acids generally fold into compact and stable states of given conformation. 39, 40 DNA can form quadruplexes, [41] [42] [43] [44] [45] [46] triplexes, [47] [48] [49] i-motifs, 50, 51 etc. Structured RNAs range in size from aptamers and tRNAs to ribosomes. However some functional nucleic acids, such as riboswitches, are conformationally polymorphic. 52, 53 For our purposes, folded nucleic acid structures fall into three general classes: (i) helical structures such as A-form, B-form and triplexes, (ii) quasi-globular structures such as tRNA, with base-base tertiary interactions but no buried phosphates, 54, 55 and quadruplexes, [41] [42] [43] [44] [45] [46] and (iii) true globular structures such as the Tetrahymena ribozyme 40 and its P4-P6 domain, [1] [2] [3] [4] [5] with base-base tertiary interactions plus buried OP atoms (OP indicates a nonbridging phosphate oxygen). True globular structures have distinct 'insides' and 'outsides'. Folding of helices, quasi-globular structures and true globular structures increases proximities of phosphate groups and the electrostatic repulsion among them. Therefore, folding is intrinsically linked to association with cations. Phosphate-phosphate repulsion must be offset by attraction between phosphates and cations. Cations most strongly associate with regions of DNA and RNA in which phosphate groups assume greatest 'density'. As will become clear in the following sections, Mg 21 stabilizes distinctive conformational and energetic states of nucleic acids. Mg 21 shares a special geometric and electrostatic complementarity with phosphate, with a specific coordination and thermodynamic fingerprint. These states are simply not accessible in the absence of Mg 21 (or Mn 21 ), even when other cations are at high concentration. The thermodynamic and conformational consequences of first-shell OP interactions with Mg 21 are different to those for neutral ligands or for other cations, with lesser charge or greater size.
The RNA Folding Hierarchy
RNA folding is hierarchical. 56, 57 Folding progresses through a series of intermediates that are commonly characterized by extents and types of base-base hydrogen bonding and stacking interactions. The unfolded state, the random coil, is a conformationally polymorphic and fluctuating ensemble with few local or long-range base-base interactions. Early intermediates contain doublestranded stems and hairpin loops, interspersed by single-stranded regions. These stems and loops are known collectively as secondary structural units. Late intermediates and the final folded state are stabilized by base-base tertiary interactions, between residues that are remote in the secondary structure. To a first approximation, secondary structure can be conceptually and experimentally separated from tertiary structure. Secondary structure forms before tertiary structure and is favorable in a broad range of ionic conditions. Tertiary structure is favored by divalent cations. 58, 59 Although compact structures with base-base tertiary interactions can be achieved at very high concentrations of other cations, for true globular structures, the fully folded state is absolutely dependent on Mg 21 . It can be useful to make a distinction between the tertiary structure of an RNA, which is a description of short-and-long range base-base interactions, and a folded RNA, which is a description of three-dimensional positions of all atoms, including of course the phosphate groups.
A hierarchical model that focuses exclusively on base-base interactions is a useful but somewhat limited approximation. In true globular structures, ground states are stabilized by specifically associated Mg 21 60 We do not know at present if the converse is true (i.e. are electrostatic tertiary interactions fully dependent on correct base-base tertiary interactions?). At any rate, to understand and describe fully the structure of a globular RNA, one can extend a conventional tertiary description of base-base interactions to include electrostatic tertiary interactions.
Alternative RNA Folding Hierarchies
To illuminate the underlying dependence of folding on cations, one can re-state the hierarchy of RNA folding using 'phosphate density'. In early folding steps, a subset of phosphate-phosphate distances decreases from 47 Å (P to P) in random coil to around 5.8-6.2 Å (in A-form helical regions and loops). In subsequent steps, a subset of P to P distances decreases further, to 5.0-4.6 Å . Associated with this group of short P to P distances are tightly packed anionic OP atoms, which are in van der Waals contact with each other (d OPÀOP ¼ 2.8-3.2 Å ). This tight packing of anionic oxygen atoms is dependent on multidentate chelation of Mg 21 by OP atoms. Neither monovalent cations nor polyamines can substitute for Mg 21 in stabilizing structures with such short OP-OP contacts. During folding, some phosphates and associated Mg 21 ions become buried in the globular interior.
Coordination Chemistry
The binding of ligands to Group I and II cations is dictated by the chemical properties of the cations and of the ligands and, to a significant extent, by interactions between ligands. 15 Chelators, with covalently linked ligands, create cavities for ions and bind with greater affinity and selectivity than monomeric ligands. The length of the chelator linker is a critical component of stability. As the linker length increases, the entropic cost of assembling the ligands for joint coordination increases. Hud and Polak previously noted the chelation properties of DNA, calling it an ionophore. 27 Here we illustrate how the phosphate groups of nucleic acids commonly act as chelators of cations.
Group I
Group I cations prefer hard neutral ligands or one singly charged ligand plus additional neutral ligands. In their associations with nucleic acids, Group I cations are most commonly associated with non-anionic oxygens (i.e. oxygen atoms other than OP) as inner shell ligands. 29, 61 The monovalent cations [sodium (Na , display irregular and variable coordination geometry. 64, 65 The variability in coordination geometry is associated with non-covalency of interaction, weak ligand-ligand interactions and loose ligandligand packing. For a given monovalent ion, the number of first-shell ligands can vary from four to over 10. These properties are quantitated by 'average observed coordination numbers' (AOCN, The ideal Na 1 to oxygen distance is 2.4 Å (Figure 1.1a) . The distance between first-shell ligands of Na 1 is variable, depending on coordination number and coordination geometry. An octahedral arrangement of first shell oxygen ligands is loosely packed. The O to O distance is 3.4 Å , which is significantly greater than twice the van der Waals radius of oxygen (oxygen radius ¼ 1.4 Å ). Therefore, inner shell ligands of Na 1 are not crowded and the geometry of the Na 1 inner sphere is not determined by ligand-ligand interactions. An Na 1 ion with ideal octahedral geometry in association with the O6 position of a guanine of DNA with five water molecule inner-shell ligands 66 is shown in Figure 1 .1a. As can be seen, the Na 1 to O distances average around 2.4 Å , whereas the distance between cis oxygen atoms (adjacent oxygen ligands) averages around 3.4 Å . DNA-cation interactions are discussed in Chapter 3.
K 1
The ideal K 1 to oxygen distance is around 2.7 Å . For an octahedral arrangement of first-shell oxygen ligands, the average O to O distance is over 4.0 Å . The total number of first-shell ligands other than water molecules. Figure 1 .3 deviates profoundly from that in A-form helical RNA.
The most frequent Mg 21 chelation motif in RNA is when OP atoms of adjacent residues chelate a common Mg 21 (D ¼ 1, Figure 1 .4). Larger ring sizes are less frequent. D ¼ 1 is observed at higher frequency than in other , which in many cases display unorthodox coordination geometry such as fewer than three first-shell ligands and are judged to be less credible. Figure 1 .3. The OP atoms in these multidentate complexes reach the global minimum in OP Á Á Á OP distances in RNA. These OP atoms are in closer proximity and are more tightly restrained in position than in any other environment, such as when associated with larger ions such as K 1 or Na 1 or polyamines or cationic side-chains of proteins or when not directly associated with ions. Therefore, RNA conformation in the vicinity of these Mg 21 ions is dependent on and is specific for Mg 21 . Such tightly packed OP atoms, in association with Mg 21 ions, are found in all globular RNAs, including the P4-P6 domain of the tetrahymena ribozyme [1] [2] [3] [4] [5] and ribosomes. [6] [7] [8] [9] [10] [11] [12] [13] [14] Only Li 1 or Mn 21 can rival Mg 21 in driving the close packing of OP atoms. However, the first-shell ligands of Li 21 tend to assume tetrahedral rather than octahedral geometry. . It has been suggested that high concentrations of Na 1 attenuate OP Á Á Á OP repulsion to the extent that globular RNAs can fold, achieving native OP Á Á Á OP proximities, in the absence of Mg 21 . 60 In evaluating such models, one must account for unyielding differences in the coordination chemistry of Na 1 and Mg
21
. The close proximity of adjacent OP atoms in the Mg 21 first shell is inconceivable in Na 1 complexes at any concentration and the preference of Na 1 for neutral ligands would drive this cation to alternate sites.
It seems that globular RNAs can collapse in the presence of high [Na 1 ] to states stabilized by native-like base-base tertiary interactions, but lacking tightly packed OP atoms. One might expect base-base and electrostatic interactions to be somewhat independent of each other because they do not necessarily link the same secondary elements and do not, on a local level, necessarily act in concert. Where the phosphates come closest together the corresponding bases are remote from each other. (Figures 1.3-1.6 ). Twenty-five of these 10-membered bidentate chelation cycles are observed in 23S-rRNA HM . The OP ligands within the 10-membered cycles can be either O1P or O2P atoms and are invariably in the cis orientation around the Mg 21 . For these 10-membered cycles, by definition D ¼ 1, where D is the distance, in number of residues, between the two OP groups (Figure 1 21 ions generally associate with the most conserved 2D elements in rRNA and link these conserved 2D elements by electrostatic tertiary interactions. These elements are remote in secondary structure. The relationship of paleo-Mg 21 ions to secondary structural elements of 23S-rRNA HM is shown in Figure 1 .7. The secondary elements linked by paleo-Mg 21 ions are conserved between bacteria and archea (see the next item), in the proposed secondary structures of eukaryotic 77 and some mitochondrial rRNAs, 78 and in a proposed minimal 23S-rRNA. 80 and others, 81 folded RNA is largely composed of a relatively small number of motifs such as A-helices, 82 tetraloops, [83] [84] [85] [86] E-loop motifs, [87] [88] [89] [90] [91] and kink-turns. 37, 92, 93 RNA motifs are essentially equivalent to RNA secondary structural units, that form early in RNA folding processes. We have used multi-resolution data-mining approaches to extend the definition of RNA motifs, to allow for deletions, insertions, strand clips and topology switches. 94 Formation of RNA motifs (secondary structure) is not Mg 21 dependent. One can observe that Mg 21 inner-shell complexes are apparently incompatible with RNA tetraloops. In Figure 1 .9, first-shell OP interactions with Mg 21 are mapped on to the 23S-rRNA HM secondary structure, as are the locations of tetraloops. 94 The sites of first-shell Mg 21 coordination do not in general correspond to the locations of the tetraloops. This preference is supported by statistical results. Automated methods [94] [95] [96] allow one to count conformational states and determine their populations (frequencies), locations and sequences. One can seek correlations between frequency of occurrence of conformational states and locations of Mg 21 ions. 23S-rRNA HM can be partitioned into conformational states and grouped by frequency. For example, various conformational states can be differentiated by their torsion fingerprints. States with many occupants are motifs. States with few occupants represent non-motif RNA (conformational-deviants). To help determine if Mg 21 interacts preferentially with motifs or with non-motif RNA requires a comparison with a random binding model (see Appendix) that assumes no preference of Mg 21 binding to any residue or conformation over another. We have used this method to calculate populations and then compared the calculated with the observed populations. The results, illustrated in Figure 1 .10 and tabulated in Table A1 of binding to motif RNA, such as A-form helices and tetraloops, falls below that predicted by a random binding model. phosphate group, due to polarization and charge transfer from Mg 21 to guanine. 98 NLPB, molecular dynamics simulation and other computational approaches generally assume that electrostatic interactions are the only significant contribution to energy of binding. Some level of error should be expected from these approximations.
The 
Experimental Methods for Determination of Cation Positions in X-ray Structures
The solvent/ion environment in the vicinity of nucleic acids is difficult to fit unambiguously to X-ray diffraction data. Solvent positions and species identified by X-ray diffraction should be considered to be approximations. 102 Monovalent cations in particular present non-trivial analytical challenges. Sodium ions (Na 
The Two Binding-mode Formalism
Cation associations with nucleic acids are commonly ascribed to one of two modes, site-bound or non-specific. 18, 19, 29, 35, 58, 97, 119, [136] [137] [138] [139] [140] [141] [142] This formalism is, at its core, a thermodynamic construct. Yet one constantly strives to interpret and extend this model in terms of three-dimensional structures and theoretical models. In fact, the definitions of the site-bound and non-specific modes are variable, depending on the application and context. It is important to understand that that the various definitions are not necessarily self-consistent; an ion can be site bound by one definition and diffusely bound by another. It seems clear that further progress will be aided by concise definitions of terms. Here we list what we believe are the consensus definitions of site-bound and non-specific ions in various contexts.
Thermodynamic/Kinetic Definition
Non-specific cations are found in diffuse 'ion clouds' and 'ion-atmospheres'. Ions on the outer reaches of an atmosphere interact weakly with the nucleic acid, whereas the inner cations interact strongly. Their integrated contribution to stability is large. These ions retain mobility and are exchangeable for a broad array of alternative ion types. Alternatively, site-bound cations localize in confined volumes with highly favorable enthalpies but at the cost of an entropic penalty (note that the contributions from water release can switch the signs of both effects). Site-bound ions show significantly reduced mobility compared with bulk aqueous ions and cannot be replaced by alternative ionic species.
Structural Definition
Non-specific cations retain water molecules as inner-sphere ligands. These cations are not closely associated with specific nucleic acid functional groups. Non-specific cations are not dependent on specific geometric dispositions of DNA/RNA functional groups. Site-binding is associated with inner-sphere coordination and especially with multidentate interactions (chelation 
Computational Definition
The non-specific and site-bound categories have specific definitions and practical consequences in NLPB theory, 20, 22 in which electrostatic energies are computed from detailed atomic structures. Chapter 9 discusses computational approaches to understanding long-range electrostatic forces. Chapter 6 discusses the application of NLPB to Mg 21 and RNA folding. Here it is sufficient to know that NLPB is a continuum solvent model for treating electrostatic interactions. The electrostatic free energy is computed for empty sites plus the free cations and again for filled sites. Non-specific ions are treated non-atomistically, as a continuum that is distinct from the RNA/DNA, with intrinsically incorporated entropy. Specifically bound ions are generally treated as discrete entities. The entropy of site binding is not incorporated automatically. A specific binding site is distinguished from a region of diffuse binding by a small confinement volume and a large occupation probability per unit volume. A specific binding site is restricted to two occupational states, namely occupied or empty, with no partial occupancy permitted. A bound cation is regarded as fixed and part of the fixed charge array of the polyion, rather than part of the diffuse ion atmosphere.
Breaking the Two Binding-mode Formalism
The two binding-mode formalism may provide reasonably satisfactory descriptions of the interactions of Mg 21 with nucleic acids. However, for group I cations we believe that this formalism is not generally useful and is probably misleading. For group I cations the distinction between site-and non-specific binding is commonly blurred. At one limit, monovalent cations fully conform to the conventional site-bound description in association with G-quadruplexes, [41] [42] [43] [44] [45] [46] with Draper's 58 nucleotide rRNA fragment 119 and with the AA platform of the RNA tetraloop receptor. 1 At the other limit, a subset of fully hydrated group I cations is held in loose association with double helical RNA and DNA.
However, group I ions commonly exhibit intermediate behavior, with a mix of site-bound and non-specific characteristics. Ions appear site bound in that they form inner-shell complexes, with up to four nucleic acid ligands. 66, 103, 104, 123, 124 Some of these ions appear non-specific in that they retain significant mobility, switching readily between coordination environments, with residence times from 10 ns to 100 ms, 143 and are exchangeable between a broad array of alternative ion types, including polyamines. 61, 103, 104, 123, 144 DNA ligands of group I ions are uncharged base oxygens and nitrogens, which fall in overlapping arrays along the floors of helical grooves. Therefore, the activation energies and the changes in free energies for the transitions from one site to the next are nominal. Group I cations can transit along the major groove, from say N7/O6 to N7/O6 of adjacent guanines, or along the minor groove B-form A-tract without much of an activation barrier or change in free energy (discussed in Chapter 3). The free energies required to alter coordination geometry and coordination number are small in magnitude. Nucleic acids offer competing isoenergetic binding sites with varying numbers and geometries of first-shell ligands. In sum, differences in coordination chemistry suggest a continuum between site-bound and diffuse modes for Na 1 and K 1 and a clear demarcation for Mg 21 .
1.6 Reaction Coordinates for RNA Folding
The Utility of 3D Databases for Determining Mechanism
Crystal structures, when averaged, can provide excellent predictions of solution behavior. It has been observed that relative populations over a large number of crystal structures reflect populations and relative energies in solution. 145, 146 Structural databases allow determination of averages and deviations of bond and hydrogen bond lengths, bond angles and dihedrals. 147, 148 Structural databases also allow the determination of coordination sphere geometry, [73] [74] [75] reaction coordinates and transition pathways. 76, [149] [150] [151] [152] [153] Burgi and Dunitz used data-mining of crystal structures to determine reaction coordinates for simple organic reactions. 149, 150, 154 Similarly, reaction coordinates for conformational transition reaction coordinates 155 and along folding reaction coordinates 152 have been determined for biological polymers. model that assumes no preference of Mg 21 binding to any given residue or conformation over another. We use this model to compute populations of states. We assume that the binding process occurs via a series of steps, where at each step a bond is formed with probability p b . A total of n bonds requires n binding steps, followed by a terminal non-bonding step. The final result is essentially identical with that for a biased one-dimensional random walk. This approach allows us to compute n calc ij,ave , the average number of Mg 21 where the final summation is taken over all n consistent with the value n ij . Note then that this sum is simply P ij (n) and thus, f ðn ij Þ ;avg ¼ X nÀij¼0;...;N f ðn ij ÞP ij ðn ij Þ To determine P ij (n ij ), note that it is obtained by summing over all sequences consistent with having n ij Mg 21 ions in state (i, j). We can readily evaluate such a sum as follows: There are N!/n ij !(N À n ij )! different ways of placing n ij Mg 21 ions into state (i, j). The remaining N À n ij Mg 21 ions can each be in any state other than (i, j). Since the probability of being in state (i, j) is p ij , the probability of being in any state other than (i, j) is 1 À p ij . Therefore, given a set of n ij Mg . Multiplying by the number of ways of choosing n ij Mg 21 ions to be in state (i, j), we obtain
From this equation, it is a standard result that n ij,ave ¼ Np ij and s 2 ij ¼ Np ij (1 À p ij ). It may be noted that these results are identical with those for a biased one-dimensional random walk.
